Selected nucleon form factors and a composite scalar diquark 
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A covariant, composite scalar diquark, Fadde'ev amplitude model for the nucleon is used to 
calculate pseudoscalar, isoscalar- and isovector- vector, axial-vector and scalar nucleon form factors. 
The last yields the nucleon <r-term and on-shell cr-nucleon coupling. The calculated form factors are 
soft, and the couplings are generally in good agreement with experiment and other determinations. 
Elements in the dressed-quark-axial- vector vertex that are not constrained by the Ward-Takahashi 
identity contribute ~ 20% to the magnitude of §a- The calculation of the nucleon cr-term elucidates 
the only unambiguous means of extrapolating meson-nucleon couplings off the meson mass-shell. 

Pacs Numbers: 24.85.+p, 14.20.Dh, 13.75.Gx, 13.75.-n 



I. INTRODUCTION 

Current generation experiments probe hadrons and 
their interactions on a truly dynamical domain where 
symmetries alone are insufficient to characterise them. 
In this domain phenomenologically accurate nucleon- 
nucleon potentials Jl]]^] and meson exchange models ||] 
are keys in the interpretation of data. These models are 
tools via which the correlated quark exchange underly- 
ing hadron-hadron interactions is realised as a sum of 
exchanges of elementary, meson-like degrees of freedom,^] 
and their definition relies on meson-nucleon form factors 
that sensibly provide short-range cutoffs in the integrals 
that arise in calculations. 

These form factors are interpreted as a manifestation 
of the hadrons' internal structure. If this interpretation 
is realistic then they should be calculable in models that 
reliably describe hadron structure. This cannot mean 
that models of hadron structure should exactly reproduce 
the momentum-dependence and parameter values used 
in potential models. In order to be phenomenologically 
successful, all models have hidden degrees of freedom, 
which make complicated a direct comparison between 
approaches. However, one can expect semi-quantitative 
agreement, with large discrepancies being harbingers of 
model artefacts and defects. 

An additional complication is that the mesons of the 
strong interaction spectrum are bound states and hence 
are only unambiguously defined on-shell; i.e., at their 
pole position in a n-point vertex function. Any refer- 
ence to an off-shell meson is necessarily model depen- 
dent. Therefore the only comparisons that can be model- 
independent are those between calculated meson-baryon 
coupling constants and on-shell couplings inferred from 



potential models because these comparisons do not in- 
volve the ad hoc definition of an off-shell bound state. 

Primarily for this reason, the comparison between cal- 
culated and phenomenological form factors can only be 
qualitative and should employ more than one off-shell 
extrapolation to provide reliable information. In spite 
of the ambiguities, however, the calculation of meson- 
baryon form factors is an essential element of contem- 
porary phenomenology. For example, it can expose dif- 
ficulties in phenomenological interpretations, as is well 
exemplified by the discussion of p°-u> mixing and its con- 
tribution to charge symmetry breaking in NN potentials 
Q J^] and also provide guidance in constraining meson ex- 
change currents in light nuclear systems [^|J^] . 

The dominant meson-like degrees of freedom employed 
in potential models are identified with the 7T, p, u) and 
a light scalar, a. Herein we calculate the associated 
meson-nucleon coupling constants and form factors us- 
ing a covariant nucleon model ||. It is motivated by 
quark-diquark solutions of a relativistic Fadde'ev equa- 
tion [p|-|Tl| and while only retaining a scalar diquark cor- 
relation is a limitation, the model's treatment of that 
as a nonpointlike, confined composite is a significant 
beneficial feature. That is illustrated in its application 
to the calculation of nucleon electromagnetic form fac- 
tors ||, which semi-quantitatively describes the ratio 
H P G p E (q 2 )/G p M (q 2 ) recently observed at TJNAF g|. In 
Sec. II we review the model. Ou r results are described 
in the next four sections: Sec. |ml nNN; Sec. [lV|, ujNN- 
and pAW-like interactions; SecJV] explores the nucleon's 
axial- vector current; and Sec. VI focuses on the scalar- 



nucleon interaction. Sec. VII is a brief recapitulation and 
an appendix contains selected formulae. 



1 The extent to which these degrees of freedom are identified 
with the mesons of the strong interaction spectrum varies. In 
one boson exchange models M the identification is close, while 
in the Argonne series of potentials |^| the short-range part is 
interpreted as a purely phenomenological parametrisation. 



2 It is an important and model-independent result that 
vector-channel resonant quark exchange is described by a vac- 
uum polarisation: n M „(fc), that vanishes at k 2 — 0,0. 
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II. NUCLEON MODEL 

We represent the nucleon as a three-quark bound state 
involving a nonpointlikc diquark correlation and write its 
Fadde'ev amplitude as 

ty T a (p 1 ,a 1 ,T 1 ;p2,a 2 ,T 2 ;p 3 ,a 3 ,T 3 ) = (1) 

4>{pi +P2,P3) A(pi +p 2 )r 

0*10.2 



where e r 



effects a singlet coupling of the quarks' 



colour indices, (pi, a*, t 1 ) denote the momentum and the 
Dirac and isospin indices for the i-th quark constituent, a 
and r are these indices for the nucleon itself, 1%) is a 
Bethe-Salpeter-like amplitude characterising the relative- 
momentum dependence of the correlation between di- 
quark and quark, A(i£") describes the propagation char- 
acteristics of the diquark, and 

< r a 2 2 (pi,P 2 ) = {Ci lb ) aia2 (*t 2 ) tV T( Pl ,p 2 ) (2) 

represents the momentum-dependence, and spin and 
isospin character of the diquark correlation; i.e., it cor- 
responds to a Bethe-Salpeter-like amplitude for the di- 
quark. While complete antisymmetrisation is not explicit 
in 'J', it is exhibited in our calculations via the exchange 
of roles between the dormant and diquark-participant 
quarks, and gives rise to diquark "breakup" contribu- 
tions to the form factors. This in not an afterthought, it 
merely reflects the simple manner in which we choose to 
order and elucidate our calculations. 

With the form of # in Eq. (§), we retain in the 
quark-quark scattering matrix only the contribution of 
the scalar diquark, which has the largest correlation 
length (l3): A + := l/m + = 0.27 fm. We saw as antici- 
pated in Ref. S that the primary defect of Eq. ([!]) is the 
omission of the axial-vector correlation (Xi+ ~ 0.8 A +). 
Nevertheless the Ansatz yielded much about the electro- 
magnetic nucleon form factors that was quantitatively 
reliable and qualitatively informative. Hence, we employ 
it again herein as an exploratory, intuition building tool. 

The amplitude in Eq. (|l]) is fully determined with the 
specification of the scalar functions: 



V(*i>4>) = 




(3) 


r(<?i,<?2) = 


jjr- T{q 2 /ujl) , q := i q! - i q 2 , 


(4) 


A(K) = 


m A 


(5) 


Hv) = 


1 - e~ y 


(6) 


V 



which introduces three parameters whose values were de- 
termined [^1 in a least-squares fit to G p E {q 2 ) 



0.20 1.4 0.63 



all in GeV (1/toa = 0.31 fm).^| TV* and A/r are the calcu- 
lated nucleon and (ud) diquark normalisation constants, 
which via the canonical definition ensure composite elec- 
tric charges of 1 for the proton and 1/3 for the diquark. 
Current conservation is manifest in this model. 

An essential, additional clement in the calculation of 
the electromagnetic nucleon form factors is the dressed- 
quark propagator: 



S(p) = -ry • pcr v (p 2 ) + cr s (p 2 ) 
= [i 1 -pA{p 2 ) + B{p 2 )Y 1 



(8) 
(9) 



While S(p) can be obtained as a solution of the quark 
Dyson-Schwinger equation (DSE) 14|, a phenomenolog- 
ically efficacious algebraic parametrisation has been de- 
termined in extensive studies of meson properties [jl5 16 
and we employ it herein: 

a s (x) = 2 mT(2{x + m 2 )) (10) 
+T{b lX ) F(b 3 x) [b + b 2 T{ex)] , 

a v {x) = [1 - T(2(x + m 2 ))] , (11) 

x + m z 

x = p 2 /X 2 , fh = m/A, ds{x) = Xcrs(p 2 ) and <tv{ x ) = 
X 2 <Jv(p 2 )- The mass-scale, A = 0.566 GeV, and parame- 
ter values 



111 



bo h 



0.00897 0.131 2.90 0.603 0.185 



(12) 



were fixed in a least-squares fit to light-meson observables 
p5[ . (e = 10 -4 in ( [To| ) acts only to decouple the large- 
and intermediate-p 2 domains.) This algebraic parametri- 
sation combines the effects of confinement and dynamical 
chiral symmetry breaking with free-particle behaviour at 
large spacelike p 2 [R~6| . 



III. PION NUCLEON COUPLING 

The pion-nucleon current is 

4(P',P) =u(P')Ai(q,P)u(P) (13) 
= :g,NN(q 2 )u{P')iT' lb u{P), (14) 

where the spinors satisfy: 

7 • Pu(P) = iMu(P) , u(P) 7 • P = iMu(P) (15) 

with the nucleon mass M = 0.94 GeV and q=(P' - P). 



3 This modified value of lot arises from correctin; 
computational error in the calculations of Ref. |8 



(7) 



a minor 
In our 

Euclidean formulation: p- q = X^iP*®' {7m>7"} = 2<5 M „, 
it = 7fi, o> = iht^J"], and tr D[757M7^7p7<r] = -4e M „ p(T , 

£1234 = 1. 
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For an on-shell pion a calculation of the impulse ap- 
proximation to requires only one additional element: 
r£(fc; Q), the pion Bethe-Salpeter amplitude, with k the 
relative quark-antiquark momentum and Q the total mo- 
mentum of the bound state. It has the general form 



iE„(k;Q)+j-QF„(k;Q) 



(16) 



7 • k k ■ Q G 7r (fc; Q) + a^ v k^Q v H„(k; Q) 



and is obtained as a solution of an homogeneous Bethe- 
Salpeter equation. 

Using any truncation of the quark-antiquark scattering 
matrix that ensures the preservation of the axial-vector 
Ward-Takahashi identity then, in the chiral limit |l7j |, 



E„(k;Q = 0) = -^B (k 2 ), 



(17) 



and -FV, Gjr, H v satisfy similar relations involving Ao{k 2 ). 
Here f n is the pion decay constant and A (k 2 ), B (k 2 ) 
are the dressed-quark propagator functions in Eq. 
calculated in the chiral limit. Since [ p^ , ^6[ 



Mp 2 ) ? i , 



(18) 



the identities involving F w , G w , H v entail that the pion 
necessarily has pseudovector components, even in the chi- 
ral limit. These components are crucial at large pion 
energy; e.g., they are responsible for the asymptotic 
l/g 2 -behaviour of the electromagnetic pion form factor 
|p.8| , however, for pion energy < 1 GeV they are quan- 
titatively unimportant, and Eq. ([l6]) with Eq. ( |l7j ) and 
Fn = = G-k = H-K provides a reliable approximation. 

This fact is useful in phenomenological applications, 
and away from the chiral limit an algebraic parametri- 
sation has been developed jl5],[l9| to be used in concert 
with Eqs. (0[ll]): 



K(k;Q) = ^BAk 2 ). 



(19) 



where B^(k 2 ) is obtained from Eqs. (|9|-[ll"l) with Q 



0, b 



bo 



0.204. 



(20) 



This form of dressed-quark propagator and pion Bethe- 
Salpeter amplitude yields (quoted with GeV as the base 
unit) 









<^ GeV2 


m Gcw2 


Calc. 


0.0924 


0.141 


(0.221) 3 


(0.257) a 


Obs. [21, H 


0.0924 


0.138 


(0.241) 3 


(0.245) 3 



(21) 



The (on-shell) Bethe-Salpeter amplitude is sufficient 
to calculate the pion-nucleon coupling. However, to cal- 
culate the form factor we must specify an off-shell ex- 
trapolation of En(k] Q); i.e., a functional dependence for 
Q 2 7^ — m 2 . Two obvious Ansatze are 



N 



N 1 



( r) ' (r \- 

N ( '4> ) [ i< ) N 1 




FIG. 1. Our impulse approximation to the meson-nucleon 
form factors requires the calculation of five contributions, 
which differ in detail for each probe, i/j: ip(£i,£2) in (|^); 
T: Bethe-Salpeter-like diquark amplitude in (^); dashed line: 
A(K), diquark propagator in (^); solid internal line: S(q), 
quark propagator in (Q); and double- line: meson-like probe. 
The lowest three diagrams, which describe the interchange be- 
tween the dormant quark and the diquark participants, effect 
the antisymmetrisation of the nucleon's Fadde'ev amplitude. 



a) UE 7r (k;Q) = B 7r (k 2 ), 

b) UE«(k;Q) = ~ [B^K 



B^k 2 



(22) 
(23) 



with k± = k ± Q/2. The first, which assumes no change 
off shell, has been used with phenomenological success in 
a variety of calculations that explore meson-loop correc- 
tions to hadronic observables |23| ; the second [Q allows 
some minimal dependence on k ■ Q, Q 2 ; and for Q = 
both satisfy the constraint of Eq. @ [cf. Eq. (0)]. 

As with the electromagnetic form factors, five distinct 
diagrams contribute to the nucleon form factors, which 
are depicted in Fig. |l| For the irNN coupling these dia- 
grams, enumerated from top to bottom, are m nemonics 
for the vertices A" J '(<7, P) given in Eqs. (Al- A5|). As can 
be anticipated, A 2; >(q,P) = because of parity conser- 
vation; i.e., a Poincare invariant theory can't admit a 
three-point pseudoscalar-scalar-scalar coupling. 

The pion-nucleon vertex: 



5 

n=2 



(24) 



is completely expressed in terms of four independent 
scalar functions 
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Al(q, P) = r J 75 [if x + 7 • q / 2 + 7 • Rf 3 + o^R^u / 4 ] 

(25) 

where /< = /,(g 2 ), P = (P' + P) and g • R = for 
nucleon elastic scattering. From this we construct the 
pion-nucleon current 



15.0 



4(P',P)=u(P')AUq,P)u(P), 



(26) 



and employing the definition of the nucleon spinors, 
Eqs. (jig), we identify the pion-nucleon coupling in 
Eq. (|f7 



9.NN(q 2 )=fi-2Mf 2 + R 2 U. 



(27) 



model a) 
model b) 
fit to a) 
fit to b) 




TABLE I. Calculated couplings compared with: contem- 
porary meson exchange model values where available; 
experiment in the case of <?a, ta j&jl ; a lattice-QCD result 
and for g a , rv, as discussed in connection with 
|87|). Also for comparison, the pion model described 
yields rv = 0.56 fm. The labels "a)" etc. 
the results obtained with: Eqs. (§|J2|) for ttNN; 
for VNN; and Eqs. (|(|6l]) for the axial-vector 






Calc. Estimates Expt. 


QttN N 


14.9 13.4 


(r 2 \ x l 2 
VnNN/ 


$n"!n 0.93- 1.06 fm 
6) 0.80 


9pNN 


a) 5.92 

6) 6.26 6.4 
c) 4.82 


fpNN 


a) 15.4 

6) 16.6 13.0 
c) 12.6 




a) 2.57 

6) 2.64 2.0 
c) 2.61 


9uNN 


a) 9.74 

6)10.2 7-10.5 
c) 11.5 


fuNN 


a) 9.62 
6) 10.7 
c) 4.39 




a) 0.99 
6) 1.04 
c) 0.38 


9A 


H n'ni 3 1-259 ± 0.017 
6) 0.99 




?<Hc 0.68 ± 0.12 fm 
6) 0.75 


(t/Mn 


0.015 0.019 ±0.05 




9.3 10 


(r 2 W 2 
VtrNNl 


0.89 1.2 fm 



FIG. 2. Calculated pion-nucleon form factor, compared 
with dipole fits, Eqs. ( pips] ). 

Using Monte-Carlo methods to evaluate the integrals 
we obtain the coupling, g n NN '■= 9irNN{q 2 — 0), in Ta- 
ble [| It is 11% too large. (Our statistical error is al- 
ways < 1 %.) We anticipate that retaining pseudovector 
components in T 3 v (k] Q) and an axial- vector diquark cor- 
relation will only slightly affect this value as long as they 
are constrained consistently with the model. An ad hoc 
addition of the pseudovector components can have large 
effects §§. 

The relative strength of the contribution from each di- 
agram in Fig. [I] is presented in Table ||. We observe that 
the diquark breakup terms are just as important here as 
they were in the calculation of the nucleon charge radii 
and magnetic moments || . These diagrams are the true 
measure of the diquark's composite nature, which is not 
captured by simply adding a diquark "vertex function." 

TABLE II. Relative contribution to the couplings of each 
of the terms represented mnemonically by the five diagrams 
in F ig. I l l In building this table we used the amplitudes in 
Eq. |g for the tt, Eqs. (||@) for the vector couplings, and 
the dressed-quark-axial- vector vertex of Eqs. ( f^ , pl| ). In all 
cases the crucial role of the diquark breakup diagrams is ev- 
ident. Diagram 2 will contribute to all processes if an ax- 
ial-vector diquark correlation is included. 



diagram 


1 


2 


3 


4 


5 


g-irNN 




0.65 


0.00 


0.07 


0.14 


0.14 


9pNN 


a) 


0.74 


0.00 


-0.06 


0.16 


0.16 


c) 


0.73 


0.00 


-0.11 


0.19 


0.19 


fpNN 


a) 


0.64 


0.00 


0.10 


0.13 


0.13 


c) 


0.64 


0.00 


0.12 


0.12 


0.12 


9ujNN 


a) 


0.45 


0.31 


0.04 


0.10 


0.10 




c) 


0.31 


0.49 


0.05 


0.08 


0.08 


IujNN 


a) 


1.04 


-0.28 


-0.16 


0.20 


0.20 




c) 


1.81 


-1.16 


-0.35 


0.35 


0.35 


9A 




0.63 


0.00 


0.09 


0.14 


0.14 


a 




0.58 


0.19 


0.03 


0.10 


0.10 
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The irNN form factor calculated using both off-shell 
Ansdtze, Eqs. ( |22| , p3| ), is plotted in Fig. g. We have per- 
formed monopole and dipole fits to our calculated result: 



g^NN 



(1 + Q 2 /A2)« 

and obtain pole masses, in GeV, 



n = l,2. 



(28) 





n = 1 


n = 2 




Eq. 




0.63 


0.96 . 


(29) 


Eq. 




0.57 


0.85 





The dipole form provides an accurate interpolation on 
the entire range shown. However, the monopole form 
is only accurate for q 2 < 0.4 GeV 2 , overestimating the 
result by ~ 70% at q 2 = 3.0 GeV 2 . (Requiring that the 
fits are accurate in the neighbourhood of q 2 = ensures 
A dipoky A mono P oic _ ^ 2 .) Thus our calculations favour 
soft form factors, in semi-quantitative agreement with 
those employed in Ref . || and advocated in Ref. [^7| . We 
can further quantify this by introducing a pionic radius 
of the nucleon: 



6 dg vNN {q 2 ) 



1 ttNNI 



9ttNN 



dq 2 



(30) 



q 2 =0 



Our calculated value is presented in Table [j| and can be 
compared with the analogous tabulated quantities. It is 
almost three-times larger than r^NN ~ 0.3 fm inferred 
from Ref. §. 



IV. VECTOR-MESON NUCLEON COUPLING 

In this section we consider oj-NN- and p- W-like in- 
teractions; i.e., isoscalar- vector and isovector- vector cou- 
plings. The vector-meson-nucleon current is 



Jl a {P',P) 



(31) 



* u{p') y F i (« 2 ) + ^7 <v i» W) ) <P) , 

with r° := diag(l, 1) and t 1 ' 2,3 the usual Pauli matrices. 
Although the complete specification of a fermion-vector 
boson vertex: 



A«(q,P):= Y A»(q,P), (32) 
requires twelve independent scalar functions, 



iA^q, P) = fi + iv^u q v h + Rtih + ii-R R P U 

q P R a h + ■ ■ ■ , (33) 

using Eq. ( p"5| ) only the six shown explicitly contribute to 

Fl.2'- 



Fi = (34) 
h + 2 M h ~ 4 M 2 U - 2 M q 2 f 5 -q 2 h, 
F2 = (35) 
2 M / 2 - 2 M h + 4 M 2 ,/ 4 + 2 A/ / 5 - 4 Af 2 / 6 . 

The coupling strengths relevant for comparison with po- 
tential models are 

fvNN 



9VNN ■■= Fx (0) , fvNN ■■= F 2 (0) , K V 



gVNN 



(36) 



because these are t-channel elastic scattering models. 
However, we note that q 2 — is a far off-shell point 
for the ui and p of the strong interaction spectrum, for 
which (— q 2 ) = M v « 0.6 GeV 2 . Hence a calculation of 
these coupling constants is only possible after an off-shell 
extrapolation of the vector meson Bethe-Salpeter ampli- 
tude is specified. 

Quantitatively reliable numerical solutions of the vec- 
tor meson Bethe-Salpeter equation have recently become 
available [p8| , however, an algebraic Ansatz compatible 
with our par ametrisation of the dressed-quark propaga- 
tor, Eqs.( [l0| , |ll|) , is not yet available. Hence, we use 
Ansdtze motivated by an extensive study of light- and 
heavy- meson observables J2(J] : 



r^(fc;Q) 



l 

7VV 



7/* 



Qm7 • Q 
Q 2 



v {k 2 



(37) 



a) V >{k 2 ) = l/(l + k 4 /u; 4 ), (38) 

b) V {k 2 )= [T(k 2 /u 2 )} 2 , (39) 

with ui = 0.515 GeV and the normalisation: J\fy, deter- 
mined canonically, Eq. (A12). With these simple forms 



of r^(fc; Q) we obtain the following values of the electro- 
magnetic and strong coupling constants: 





a) 


b) 


c) 


Obs. [21] 


9p 


6.57 


6.05 




5.03 ±0.012 




8.75 


10.7 


8.52 


6.05 ±0.02 



(40) 



results which suggest that errors of up-to 40% could arise 
in nucleon calculations involving these amplitudes. 

The calculation of the vector-meson-nucleon current 
is now straightforward with Fy determined by calculat- 
ing the integrals in Eqs. (A7-A11) an d com bining their 
contributions according to Eqs7~(34,35,A13). In this way 
we obtain the couplings presented in Table Q, with the 
relative strength of the contribution from each diagram 
given in Table |l[ 

The couplings are in semi-quantitative agreement with 
those inferred from meson-exchange models Q except 
in the case of J^nn- Using Eqs. ( |3^ , |39| ) we obtain 
fuiNN ~ 9ujNN while contemporary phenomenological 
models, which are only weakly sensitive to f U NN, assume 
it to be zero. To determine the extent to which this re- 
sult is model dependent we also calculate the couplings 
using 
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FIG. 3. Calculated vector-meson-nucleon form factors. A 
good interpolation of the results is obtained with Eqs. ( Eij , Ej ). 



where B v (k 2 ) is obtained from Eqs. (|-|ll]) with (l9) 
and 



(41) 



b -> b% = 0.044 ,bi->bY = 0.580 , b 3 -► b\ = 0.462 . 

(42) 

The amplitude is canonically normalised via Eq. ( [A 12] ) 
and yields gp^ in Eq. (40). 

The nucleon couplings are given in Table | with the 
relative strength of the contribution from each diagram 
presented in Table |l|. In this case, while the other cou- 
plings change by < 20%, we find f u c) NN ~ 0Ag u c) NN . 
The reason appears in Table |3 the strength of diagram 
2 is much increased, and while it doesn't contribute at 
all for the p and is additive for g^NN, it is a destructive 
contribution to Jujnn- This sensitivity to cancellations 
involving diagram 2 repeats the pattern we observed in 
calculating the nucleon's isoscalar electromagnetic form 
factor Q and hence J^nn is sensitive to the omission of 
the axial-vector diquark correlation. 

The vector-meson-nucleon form factors calculated us- 
ing Eq. ( p8| ) are depicted in Fig. || and the quadrupole 



W) = ^(o) 



with pole masses, in GeV, 



(1 + gW) 3 



A? A£ A? A£ 
1.12 1.11 1.06 1.18 



(43) 



(44) 



provides an excellent interpolation of the results. Again, 
these are soft form factors. 

On the domain explored, our results for the VNN 
form factor are qualitativel y u naffected by employing a 
monopole for f(k 2 ) in Eq. (p7|). 



V. AXIAL- VECTOR NUCLEON COUPLING 

Neutron /3-decay is described by the axial-vector- 
nucleon current 



J^(P',P) = i u(P')Al f2 (q,P)u(P) 



(45) 



= : 76 Y b»9A(q 2 ) +q,gp(q 2 )] u{P) , (46) 

which involves two form factors: gA(q 2 ) is the axial- 
vector form factor of the nucleon and gp{q 2 ) is the in- 
duced pseudoscalar form factor. The complete specifica- 
tion of a fermion-axial-vector vertex: 



K^P) :=yA 5M (<z,P), 
requires twelve independent scalar functions, 

757m fl + IbV^uRv h + e ^pa luq P Ra h + ■ 



(47) 



(48) 



but using Eqs. ( pL5|) only the three shown explicitly con- 
tribute to the axial-vector form factor: 



9A{q 2 ) =fi- 2M/ 2 - q 2 h ■ 



(49) 



In the chiral limit and in the neighbourhood of q 2 = 



A^(g, P) = regular + % / w K{{q, P 



(50) 



where A£(q, P) is the pion-fermion vertex and regular 
denotes non-pole terms. It follows that in this neigh- 
bourhood the induced pseudoscalar coupling is dominant 
and, using Eq. (|l3|), is determined by the pion-nucleon 
coupling: 



q 2 =0 



Qn fir g^NNiq 2 = 0) w(-P')iT J 7 5 u(P) 

u(P') 7sy [q 2 gp(q 2 )] q 2=o u(P) . 



(51) 
(52) 



Current conservation: q^J^ (q,P) — 0, which using 
Eqs. (|l5| ) entails 

- 2Mg A (q 2 = 0) + [q 2 g P (q 2 )] \ g2=Q = , (53) 

then yields the Goldberger-Treiman relation: 

M g A (q 2 = 0) = /„ g-irN n {q 2 = 0) . (54) 

This brief analysis emphasises that gA(q 2 ) is the regular 
part of the axial- vector-nucleon current. 

To calculate gA{q 2 ) in impulse approximation we must 
specify the dressed-quark-axial- vector vertex: T J 5 Jk; Q). 
It satisfies a Ward-Takahashi identity, which in the chiral 
limit is 
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, M ryfc;Q) = 5- 1 (fc+) 75 - + 7 5-5- 1 (fc_) . (55) 



This identity is solved by 

ri fi (k;Q) = r*i(k;Q) + 
r^'(fc;Q)=r^(fc;Q) 



+ 7sy l7MM*+.*l) + 2*„7'*A A (fc| > fci) 



(56) 



(57) 



where Q„rg(fc;Q) 



but r^(fc;<3) is otherwise un- 



constrained by the Ward-Takahashi identity and 
£/(pW) :=|[/(p 2 )+/(« 2 )], 

a / 2 2\ /(P 2 )-/(? 2 ) 



(58) 
(59) 



The parenthesised term in Eq. (|5^) makes explicit the 
simple kinematic singularity associated with the pion 
pole.^ It is directly connected with the nucleoli's in- 
duced pseudoscalar form factor and, using Eqs. ( |l7| , p3"| ), 
clearly saturates Eq. (|5l|). The regular part of the vertex, 
Eq. ( p7| ) , is primarily responsible for the nucleon's axial- 
vector form factor and in our calculations we complete its 
definition using either of two Ansdtze for the transverse 
part: 



a) r^(fc;Q) = 0, 



r; iJ (fc;Q). 



(60) 
(61) 



where r° 1J (A;;(5) is the ai-meson Beth e-Sal peter ampli- 
tude, which is given explicitly in Eq. (A14). Model a): 
Eqs. ( |57| , |60| ), is a minimal Ansatz that correctly isolates 
the pion pole. Model b): Eqs. ©0), is kindred to 
that advocated for the dressed-quark-vector vertex in 
Rcf. P9| . It recognises that the dressed-quark-axial- 
vector vertex has a pole at Q 2 = —vrv^ 1 with residue 
f ai m ai where f ai is the weak decay constant, and imple- 
ments a model to represent the off-shell remnant of this 
contribution. 

Qa( q 2 ) is ob tained by evaluating the integrals in 
Eqs. (A22-A26) and com bining their contributions ac- 
cording to Eqs. (49 ; A27). The calculated coupling is 
presented in Table [ with the relative strength of the 
contribution from each diagram given in Table |0].^] 



4 Using (fc„/fc • Q)T, B {kl,k 2 _) in Eq. @ instead of the 
parenthesised term is inadequate in this respect. Further, to 
exacerbate this flaw, it also introduces nonintegrable singu- 
larities in diagrams 3-5. 

5 We are unable to reproduce the large value of qa obtained 
in Ref. (Si). Some of the discrepancy may be due to our 
simplified representation of the quark+scalar-diquark nucleon 
spinor in Eq. (|l|)^ However, that does not diminish the 
importance of r 5f J . 



5 0.6 - 



0.4 



0.2 



0.0 





Ansatz a) 




monopole fit: a) 




Ansatz b) 




monopole fit: b) 











0.0 1.0 2.0 3.0 

q 2 (GeV 2 ) 

FIG. 4. Axial-vector-nucleon form factor calculated using 
the Ansatze of Eqs. (^^) compared with a monopole fit, 
Eqs. HH). 

The axial-vector form factor is depicted in Fig. |I| It 
is important and interesting to note that the dominant, 
orbital e^-term in V® 1 contributes < 10 % to gA{q 2 ) on 
the illustrated domain, increasing from 0% with increas- 
ing q 2 ; i.e., the bulk of the difference between the a) and 
b) calculations arises from the e^-term. In Fig. [|we also 
plot a monopole fit to each calculation 



9A(q 2 )=9A(0) 



with pole masses, in GeV, 



1 



(l + 3 2 /Ai) 



(62) 



(63) 



The fit provides a better representation for Ansatz b) than 
for a), and we judge b) to be the more realistic model. 
The axial radius of the nucleon is 





a) b) 


Aa 


0.65 0.64 



(r A ) 



6 dg A {q 2 ) 



9A(0) dq 2 



(64) 



and our calculated value is presented in Table |l| r A ~ 
t-itNN in accordance with Ref. |27f| . 

Even though our framework manifestly preserves the 
axial-vector Ward-Takahashi identity the model is not 
guaranteed to satisfy the Goldberger-Treiman relation 
because we employ Ansdtze for the Fadde'ev amplitude 
and dressed-quark-axial-vector vertex that need not be 
mutually consistent. For example, in deriving Eq. ( |5~4| ) 
we used Eqs. (|l5|), which introduce M, however, \& in 
Eq. (0) is not the solution of a Fadde'ev equation with 
eigenvalue M. Indeed, without an axial-vector diquark 
correlation, the calculated nucleon mass is 30-50% too 
35 1 . The following comparisons (in GeV) ex- 



large |K 



hibit this uncertainty: 

a) Mg A (0) = 0.75- 1.1 

b) Mg A (Q) =0.93-1.4 



cf. Ug-KNN = 1-37. (65) 
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and show that model Ansatz b) is broadly consistent with 
the Goldberger-Treiman relation. 

A comparison between the results obtained with the 
two vertex Ansdtze demonstrates that a calculation of 
the dressed-quark-axial- vector vertex, akin to that of the 
dressed-quark- vector vertex in Ref. |29|] , would be very 
helpful in demarcating the importance of axial- vector di- 
quark correlations. As shown by the model 6) calcula- 
tion, easily provides contributions of the same order 
of magnitude as that which might be anticipated from an 
axial- vector diquark. 



VI. NUCLEON SIGMA TERM 

As a final application we explore the nucleon tr-term: 

a(q 2 ) u(P')u(P) := (P'\ m(uu + dd) \P) , (66) 

a := a(q 2 = 0), which is the in-nucleon expectation value 
of the explicit chiral symmetry breaking term in the QCD 
Lagrangian. The general form for a fcrmion-scalar vertex 
is 

A l p ) = h + *7 ' Q h + H ■ R fa + io^R^qv fi , 



however, using Eqs. (|l5| ) we find 

J^P'.P) :=ti(P , )A 1 (g,P)«(P) 
= s(q 2 )u(P')u(P), 
s(q 2 ) = fi - 2M/ 3 + q 2 fi. 



(67) 



(68) 
(69) 
(70) 



To evaluate the matrix element in Eq. (|66| ) we need 
the dressed-quark-scalar vertex, which is an analogue of 
the dressed-quark-axial-vector vertex used in Sec. M. In 
this case, however, there isn't a Ward-Takahashi identity 
to help us. Instead, we calculate the vertex by solving 
an inhomogeneous Bethe-Salpeter equation using a sim- 
ple, separable model for the quark-antiquark scattering 
kernel Jl3| that has been used successfully in a variety of 
phenomenological applications ]3fj|j36]| . 

The inhomogeneous vertex equation in the separable 
model is 



T 1 (fc;Q) 



(71) 



d 4 q 



A(k-q)j li S(q+)T 1 (q;Q)S(q-) 7li 



(2tt)4 
with the interaction 

A(fc -q)= G{k 2 )G{q 2 ) + k-q F(k 2 )G(k 2 ) , (72) 
where 

F(k 2 ) = ±{A(k 2 ) - 1} G(k 2 )= l -[B(k 2 )-rh] 1 (73) 



a = dX 2 , b = bX 2 , and A(k 2 ) B (k 2 ) are obtained in 
the usual way from Eqs. ( A17 , ALjj) with fa — mX and 
b^ 1 — > &2- The separable model was constrained to fit n 
and K properties, as discussed in detail in Ref. [Q. 

Using this model the most general form of the scalar 
vertex is 

T 1 (fc;Q) = l gi +ik-Qj-Qg2 + ij-kg 3 , (74) 

h in Eq. @ 



where gi = gi(k;Q). Substituting Eq. (] 
we obtain the solution 

T^k-Q) = l+t 1 (Q 2 )G(k 2 ) 

+ 1 t 2 (Q 2 ) F(k 2 ) k ' Q Q l Q + * i 3 (Q 2 )F(fc 2 ) 7 • k . 



(75) 



with ti(Q 2 ) determined functions of their argument. 

The tr-term is only sensitive to the vertex at Q 2 — 0, 
where the explicit form of the solution reduces to 

r 1 (fc;g)| Q2=0 = l + t 1 (o)G(k 2 ) + t 3 (o)F(k 2 )h-k, 

(76) 

with fr(0) = 0.242 GeV, t 3 (0) = -0.0140 GeV. It is im- 
portant to note from Eqs. (Oj7q) that the £i-term con- 
tributes 1.4 x {B{k 2 ) — mj/ybso that at k 2 = it is 
6-times larger than the bare term; i.e., it is dominant in 
the infrared. That is to be expected because it represents 
the effect of the nonperturbative dynamical chiral sym- 
metry breaking mechanism in the solution. This and the 
other ^j-terms vanish as k 2 — *■ oo, which is a manifesta- 
tion of asymptotic freedom in the separable model. 

The vertex equation has a solution for all Q 2 , and that 
solution exhibits a pole at the cr-meson mass; i.e., in the 
neighbourhood of (-Q 2 ) = m 2 a = (0.715 GeV) 2 



r^(fc;Q) = regular 



Q 2 



T a {k;Q), (77) 



where regular indicates terms that are regular in this 
neighbourhood and T a (k;Q) is the canonically nor- 
malised cr-meson Bethe-Salpeter amplitude, whose form 
is exactly that of (T^k; Q) - 1) in Eq. @. The simple 

pole appears in the functions U(Q 2 ) and performing a 
pole fit we find 



mn a = 3.3 MeV. 



(78) 



n CT m 2 is the analogue of the residue of the pion pole in 
the pseudoscalar vertex p7| , p2[ : —{qq)n/fiT, an d its flow 
under the renormalisation group is identical, m n a is 
renormalisation point independent and its value can be 
compared with 



-m(qq)n 1 



fx 



3.6 MeV. 



(79) 



We can also define a aqq coupling: 



8 



9crq 



r CT (0;Q)| o2= _ 



12.6. 



(80) 



whose magnitude can be placed in context via a com- 
parison with g-nqq = 11 -8 obtained using the separable 
model's analogue of the quark-level Goldberger-Treiman 
relation, Eq. jl7|). 

To calculate the expectation value in Eq. (prJ) we use 



r m (fc;Q) = mT-^{k;Q) 



(81) 



as our impulse approximation probe in Eqs. ( A28- A32] ) 



and obtain u(q 2 ) 
according to Eqs 
presented in Table 



sicr 



by combining the contributions 
This yields the value of a 



0|A33|) 

Jwith the relative strength of the 
contribution from the various diagrams listed in Table [fi|. 

The form factor is depicted in Fig. ^| where the evolu- 
tion to the cr-meson pole is evident. Fitting (t = —q 2 ) 



JaNN 



1-t/mj 



, te [0.1,0.5]GeV 2 



(82) 



which isolates the residue associated with T m (k;Q), we 
obtain the on-shell coupling: ga-NN = 27.3. This coupling 
can also be calculated directly using the solution of the 
homogeneous Bethe-Salpeter equation and that yields 



9<tNN — 27.7 . 



(83) 



in agreement within Monte-Carlo errors. Equation ( p^ ) 
alone overestimates the magnitude of our calculated a(t) 
everywhere except in the neighbourhood of the pole. 

As the lowest-mass pole-solution of Eq. (71), our cr- 
meson is distinct from the phenomenological meson in- 
troduced in potential models to mock-up two-pion ex- 
change.^ However, we can estimate a coupling relevant 
to meson exchange models by introducing g a {t)'- 



a(t) =:g„(t) 



1 — t/m 2 ' 
and a fit to our calculated a(t) yields 



(84) 



r (t) = 1.61 + 2.61 



(l-t/A*)" 



, A ff = 1.56 GeV, (85) 



where the large exponent merely reflects the rapid evolu- 
tion from bound state to continuum dominance of the 
vertex in the spacelike region. At the mock-er-mass: 



0.5 GeV, 



J.(KT)=9.3 ; 



(86) 



6 The separable model |13| realises a rainbow-ladder trunca- 
tion of the quark DSE and meson Bethe-Salpeter equation, 
which is likely inaccurate in the ++ channel J3T) . The de- 
fect is tied to the difficulties encountered in understanding 
the composition of scaiar resonances befow 1.4 GeV psf. 



which is listed in Table | and compared with a phe- 
nomenologically inferred value: g a = 10 [M. We note 




q (GeV ) 



FIG. 5. Our calculated cr(q 2 ). The rapid increase with de- 
creasing q 2 is associated with the evolution to the cr-meson 
pole. On this scale, a(q 2 ) calculated without the t2,z(Q 2 ) 
contributions is indistinguishable from the full calculation. 

that g„(4mj) = 5.2 so that this comparison is mean- 
ingful on a relevant phenomenological domain. Further, 
g a {<l 2 — * oo) = 1.61 and we therefore find that cr(q 2 ) is 
well approximated by a single monopole for q 2 > 1 GeV 2 . 
However, the residue is very different from the on-shell 
value. The scalar radius of the nucleon is obtained from 



6 da{q 2 ) 



tNN/ 



dq 2 



(87) 



and our calculated result is listed in Table [j], in compar- 
ison with an inferred value |39|. 



VII. SUMMARY AND CONCLUSION 

In Ref. H we introduced a simple model of the nu- 
cleon's Fadde'ev amplitude that represents the nucleon as 
a bound state whose constituents are a confined dressed- 
quark and confined dressed-scalar-diquark, and fixed its 
parameters in a calculation of nucleon electromagnetic 
properties. Herein we employ that model in a study 
of a range of nucleon form factors that can be iden- 
tified with those used extensively in phenomenological 
NN potentials and meson-exchange models. These cal- 
culations require knowledge of the relevant meson Bethe- 
Salpeter amplitudes and 3-point vertex functions. How- 
ever, they have been determined in the application of 
Dyson-Schwinger equation models to non-nucleonic pro- 
cesses. It is an important result that this simple model 
provides a uniformly good description of nucleon proper- 
ties and, where there are discrepancies with experimental 
data, a cause and a means for its amelioration are read- 
ily identified. Our study demonstrates that it is realistic 
to hope for useful constraints on meson-exchange models 
from well-constrained models of hadron structure. 
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Our calculations suggest that the nucleon form fac- 
tors are "soft" and there is no sign that this is a model- 
dependent result. The couplings generally agree well with 
those fitted in meson-exchange models. The only signifi- 
cant discrepancy is that we find 0.4 < f^NN I 9^nn < 1.0, 
whereas the conventional model assumption is fuNN — 
0. Comparison with our calculation of the nucleon's 
isoscalar electromagnetic form factor, however, suggests 
that Jujnn is the one coupling particularly sensitive to 
neglecting the axial-vector diquark. Hence a conclusive 
determination of f U NN must await its incorporation. 

A primary requirement for improving our model is the 
inclusion of the axial-vector diquark correlation. In our 
study of gA we saw that it can contribute up to ~ 25%, 
and Fadde'ev equation studies show |l0|j34|j35| that it pro- 
vides a necessary ~ 33% reduction of the quark+scalar- 
diquark nucleon mass. Also important in our analysis of 
gA was an elucidation of the role played by transverse 
parts of the dressed-quark-axial-vector vertex that are 
regular at Q 2 — 0. A simple model that allowed for 
the constrained leakage of the c^-meson pole contribu- 
tion into the spacelike region showed that terms unre- 
stricted by the axial- vector Ward-Takahashi identity pro- 
vide ~ 20% of the magnitude of gA- This sensitivity of 
the result to such elements makes important a numerical 
solution of the axial-vector vertex equation, a calculation 
for which the study of the vector vertex p{| serves as an 
exemplar. 

Our analysis of the nucleon a term is particularly inter- 
esting because it illustrates the only method that allows 
an unambiguous off-shell extrapolation in the estimation 
of meson- nucleon form factors. An essential element in 
the impulse approximation calculation of the scalar form 
factor: <x(g 2 ), is the dressed-quark-scalar vertex and we 
used a separable model to obtain it as the solution of 
the inhomogeneous scalar vertex equation. This solu- 
tion exhibits a simple pole at Q 2 = —m 2 and hence so 
does cr(q 2 ). The residue of that pole gives the a- meson 
nucleon coupling. However, the inhomogeneous vertex 
equation admits a solution for arbitrary Q 2 , which de- 
scribes the Q 2 -dependent dressed-quark-scalar coupling 
and hence allows a direct and consistent determination of 
a = (i(q 2 = 0). That Q 2 -dependent coupling exemplifies 
the necessary elements in studies of those meson-nucleon 
form factors that truly represent correlated quark ex- 
change. Our calculation of a(q 2 ) and the model b) calcu- 
lation of gA are analogues of Ref. pi| , which elucidates 
similar aspects of the electromagnetic pion form factor, 
making explicit the p-meson contribution and its leakage 
away from Q 2 = —m 2 . 

As noted above, to proceed it is important to include 
axial- vector diquark correlations. Without them we can't 
describe the A resonance, and the N — ► A transition is 
an important probe of hadron structure and models; e.g., 
resonant quadrupole strength in this transition can be 
interpreted as a signal of nucleon deformation ^(J . The 
existence of strong final state interactions muddies this 
interpretation and means that nucleon structure models 



such as ours can't be compared directly with data. How- 
ever, they can be used as a foundation in the application 
of detailed reaction models Q and thereby provide a 
connection between the nucleon's quark-gluon content, 
its "shape" and data. 
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APPENDIX: COLLECTED FORMULAE 
1. Pion-Nucleon 

For the nNN coupling, Fig. [j] represents: 

AU(q,P) = 3j J 0z (Al) 

1>(K,pa + q)A(K)^(K,p 3 )A^{p 3 + q,p 3 ) , 

with K = |P + £, p 3 = \P - e, p 2 = K/2 - k, 
A«(fci,fc 2 ) = S(k 1 )ri(k r - 1 kT)S(k 2 ), k r = \{k X -k 2 ), 
k T = k\ + k 2 , 

A 2 J(q,P) = 0; (A2) 

i.e., there isn't a direct pion-scalar-diquark coupling be- 
cause of parity conservation, 

A 3 J(q,P) = -6 J^^n(p 1 + q,p 3 ,p 2 ) (A3) 

xn(pi,pa,ps) s(p 2 ) K j (pi>pi + v) sfa) , 

A 4 /(q,P)=6 J 1 0, 1 0,n(p 1 ,p 3 ,p 2 + q) (A4) 
x fl (pi , p 2 , p 3 ) A« (p 2 + q , p 2 ) S (pi ) S (p 3 ) , 
A 5 J(q,P)=6 J 1 0, 7 0,n( Pl ,p 3 + q,p 2 ) (A5) 
xn( Pl , P2 , P3 ) S(p 2 ) S( Pl ) Al j {p 3 + q,p 3 ) , 
with 6 = e ClC2 c 3 e ClC2C3 and 

tt(pi,p 2 ,P3) = 4>{pi +p 2 ,p 3 ) A(p! +p 2 )T(pi,p 2 ) . (A6) 



2. Vector-meson— Nucleon 

For the vector meson coupling, Fig. [I] represents: 
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A l J(q,P)=sJ^ (A7) 
tp(K, P3 + q)A{K)ip{K, P3 ) A«(p3 + q,pa) , 
A 2 Mq,P) = Q f 7 ^ 7 ^n(p 1 + q ,p 2 , P3 ) (A8) 



(2tt) 4 (2tt) 4 

xn( Pl ,p 2 , P3 ) tr DF [A«'(pi + g,pi)S(pa)] 5*(p 3 ) , 
A«(g,P) = (-1/6 J^^il(p 1+ q,p 3 ,p 2 ) (A9) 
xn(px,pa,P3) S(Pa) A«(pi,pi + g) S(p 3 ) , 



A$(q,P)=6J ^^n(p uP3 ,p 2 + q ) 
xn(p 1)P 2,p 3 ) A q J(p2 + ?,pa) 5(pi) 5(p 3 ) , 



AV(q,P)=6j ^^n{p uP3 + q,p 2 ) 
xn( Pl ,p 2 , P3 ) S( P2 ) S(jn) A**(p 3 + g,pa) , 



(A10) 
(All) 



with A»(fci, fc 2 ) = S(fcx) r^(fc r ; fcr) ST(A a ) and (fc r ; fc T ) 
the Bethe-Salpeter-like amplitude of Eq. ( [37] ) whose nor- 
malisation is determined by 



<Pk 



r:(k;-Q)^^r^k;Q) S(k-) 

-TZ{k--Q)S{k + )Tl(k-Q)^^- 

oQfj. 



Q 2 =-M? 



where k± = k ± Q/2. The flavour trace ensures that 
A 2 / contributes only to the isoscalar coupling. This 
merely reflects the fact that in an isospin symmetric the- 
ory there can't be a three-point iso-vector-scalar-scalar 
vertex. Further, A^ 7 contributes with opposite signs to 
the o/ /=0 ) and p( I=1 ^ couplings. The complete vertex is 

5 

Ai (q,P) = A« (q,P)+2j2 (<1,P)- ( A13) 



3. Axial-vector— Nucleon 

Model b) for the dressed-quark-axial-vector vertex in- 
volves the Bethe-Salpeter amplitude for the a± meson, 
which in the separable model of Ref. Jll| has the form 
(terms quadratic in k are suppressed in this model) 

T a ^(k,Q) = ir [mle a ^G{x) + e^^ valx k v Q a F(x) 

(A14) 

where k = fc/A, A = 0.566 GeV is the model's mass-scale, 
Q„ = Q,/\Q 2 \ 1/2 , ll = (7m " Qm7 ■ QIQ 2 ) and 

F(x) = i \A(x) - ll , G(x) = i \B(x) - ml , (A15) 
a 1 J b L J 



with calculated constants 

a= (0.359) 2 , b= (0.296) 2 . 



(A16) 



Herein |30| A(x), B{x) are modified dressed-quark prop- 
agator functions obtained in the usual way from 



af{x) = 2mT(2(x + m 2 )) 



(A17) 



+T{b 1 x)T(b 3 x)T({t s xf) [b + b^T(ex)} , 



where 



2 (x + rh 2 ) - e - £ v(*+™ 2 ) 2 + e -2(x+m 2 ) 



2 [x + rh 2 ) 



2 i2 



(A18) 



rh = 0.0081 , &2 1 = 0.863 , e s = 0.482 , e v = 0.1 , (A19) 
and the other parameters are given in Eq. (|IT 



The separable model yields m ai in Eq. (A21) and the 
eigenvector 



0.145, e 



; c 2 



1.69, 



(A20) 



which is canoni cally norm alised using Eq. ( |A12| ) evalu- 
ated with Eqs. ( |A14| - |A19D . This Bethe-Salpeter ampli- 
tude yields f ai in Eq. (|A21[) . 



(A12) 




m ai (GeV) 


f ai (GeV) 




Calc. 


1.34 


0.221 




Obs. 


1.23 ±0.040 [21] 


0.203 ±0.018 |3 



(A21) 



NB: This model predicts that the 757^ term is sub- 
dominant in the a\ meson. The dominant e^-term char- 
acterises constituents with relative orbital motion. 
For the axial- vector coupling, Fig. |l| represents: 



A^(g,P) = 3 



(2vr) 4 



(A22) 



4>{K,p 3 + q)A(K)1>(K )P3 ) A% (p 3 + q,p 3 ) , 
Ag(q,P)=0 (A23) 

Ag(q,P) = 6 J^^mpi + q^Pz) (A24) 

xn(p 1 ,p 2 ,p 3 ) s(p 2 ) A|^Oi,pi + <?) s(p 3 ) , 

k%(q,P) = &J ^T0,^(pi,P3,P2 + q) (A25) 
xn(p 1 ,p 2 ,p 3 )Af fi (p 2 + q,P2)S(p 1 )S(p 3 ) , 



A^(g,P) = 6 J ^^n{p uP3 + qi p 2 ) (A26) 

xn(p 1 ,p 2 ,p 3 ) S(p 2 ) S(pi) A^(p 3 + q,p 3 ) , 

Ag(ki, k 2 ) = S(h) r^(fc r ; fc T ) S(fe) with r| M (fc r ; fc T ) = 
rS (fc r ; fcr), the regular part of the dressed-axial- vector- 
quark vertex defined by: model a), Eqs. (57|60|); or model 
6), Eqs. ( p7[j6l] ) . A 2 / vanishes for the same reason that 
A 2 J does and the complete vertex is 

Af M (g, P) = A« (g, P) + 2 £ A#(g, P) . (A27) 

n=2 
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4. Sigma term 

The contributions to the scalar-nucleon vertex are: 

\\{q,P)=Z (A28) 
ip{K, P3 + q)A(K)ib(K, P3 )A q m {p 3 + q, P3 ) , 



A|( ? ,P)=12 J- 
xfi(pi,p 2 ,P3)trj 
A\(q,P) = 6 J- 



n( Pl +q, P2lP3 ) (A29) 

1 

(A30) 



(2vr) 4 (2ir) 4 

xO(pi,P2,P3)tr/3 [A^(pi +g,Pi)S , (p 2 )] 5(p3) 

xf2(pi,p2,P3)S , (p 2 ) A^(pi,pi + g)5(p 3 ) , 
A 4 1 (g,P)=6 1 ^^n^^ + g) 
xn(pi,p 2 ,P3) A^(p 2 +q,p 2 )5(pi) S"(p 3 ) , 

A 5 1 ( g ,p) = 6 1 ^^n{ Pl , P3 + q lP2 ) 

xtt( Pl , P2 , P3 ) S( P2 ) S( Pl ) A, 9 „(p 3 + q, P3 ) , 
with A^(fci, k 2 ) = S(ki) T m (k r ; k T ) S(k 2 ), and 

5 

A x ( g , P) = (<?, P) + 2 ^ (g, P) . 

n=2 



(A31) 
(A32) 
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